Here we show the deposition of 2.7 m thick phosphate based glass films produced by magnetron sputtering, followed by post heat treatments at 500
Introduction
Hydroxyapatite (HA) emerged as an osteoconductive coating in the 1980s and remains an industrial surface treatment for orthopaedic integration [1] . Second generation bioceramics facilitated interfacial bonding between the host tissue and implant [2] . Plasma sprayed HA is a ceramic coating layer with a Ca/P ratio of 1.67, similar in composition to the cortical bone. Bone like layers on metallic hip stems or dental screws promote adhesion of osteoblast cells and protein attachment for bone regeneration and osseointegration [3] [4] [5] .
Plasma sprayed HA layers have been known to delaminate entirely at the interface, preventing complete osseointegration via the coating layer or causing integration directly with the implant surface. A study by Bloebaum et al. found particles of HA up to 75 m, and metallic particles due to wear of the underlying implant embedded in the acetabular cup [6] . Despite improvements, aseptic loosening remains the biggest cause of implant failure, responsible for ≈40% of revisions [7] .
The key factor for bioactivity is the stimulation of osteoblasts for collagen secretion and subsequent mineralisation of bone, assisted by creating an environment for osteoconduction at the surface of the implant device [8] . Collagen protein fibrils are laid down by osteoblast cells along the bone surface, facilitating regeneration from the creation of a extracellular matrix (ECM) [3] . Ca and P within the formed net of the ECM may mineralise to form crystallised bone in the form of HA. Phosphate Based Glasses (PBG) represent a third generation biomaterial which is fully resorbable in aqueous media and could repair the surrounding tissue by activating a controlled cellular response through the delivery of potentially therapeutic ions [1] . Research on PBGs has included Mg [9] , Ca [10, 11] , Sr [12, 13] , F [14] , which have been used for bone tissue generation, Ti [15] [16] [17] , Fe [18, 19] to improve durability, Cu [20] and Ag [21, 22] for their antibacterial properties.
Pre-existing thermal technologies have been used to produce silicate based glass (SBG) coatings with mixed success. The inherent temperatures associated with the thermal processes, make the production of either adherent or amorphous glasses impractical without delamination, cracking or crystallisation. The thermal expansion mismatch leads to interfacial stresses and poor adhesion [23, 24] . For example, Bioglass ® 45S5 was plasma sprayed with failure occurring from thermally induced residual stresses at the Ti coating interface [25] . Bolelli et al. utilised suspension high velocity flame spraying [26] whilst Gomez-Vega et al. formed 25-150 m thick coatings via an enamelling process [24] . Thin coatings in particular may be desired to prevent brittle failures associated with shear during implantation. A comprehensive review by Mohseni et al. concluded that magnetron sputtering produced the greatest interfacial adhesion of HA on Ti6Al4V after investigating 9 deposition methods including plasma spraying, hot isostatic pressing, thermal spray coating, dip coating, pulsed laser deposition, electrophoretic deposition, sol gel, ion beam assisted deposition and PVD sputtering [27] .
RF magnetron sputtering of SBG was explored by Mardare et al. [28] and by Stan et al. [29] . The manufacturing complications associated with PBG coatings during sputtering has been demonstrated elsewhere [30] , whilst a previous publication showed structural variability between compositionally equivalent melt quenched and PVD coatings, showing greater bulk and surface polymerisation in coating compositions [31] .
The melt quenched PBG composition P 2 O 5 -40 MgO-24 CaO-16 Na 2 O-16 Fe 2 O 3 -4 mol% (denoted MQ: P40) has been extensively researched for the production of degradable glass fibres [32] . Hassan et al. demonstrated good cytocompatibility with MG63 osteoblast cells, indicating comparable results to the tissue culture plastic control samples [33] . Therefore the work presented here investigates the sputtered coating composition; P 2 O 5 -40 MgO-24 CaO-16 Na 2 O-16 Fe 2 O 3 -4 mol% applied to Ti6Al4V, specifically exploring the effects of surface topography and post deposition annealing on structural, mechanical, degradation and ion release properties.
Methodology

Target preparation T1: P51.5 Fe5 and melt quenched: P40
Pre-calculated (mol%) proportions of precursor salts namely sodium dihydrogen phosphate (NaH 2 PO 4 ), calcium hydrogen phosphate (CaHPO 4 ), magnesium phosphate dibasic trihydrate (MgHPO 4 ·3H 2 O), iron phosphate dehydrate (FePO 4 ·2H 2 O) and phosphorous pentoxide (P 2 O 5 ) (Sigma Aldrich, U.K.), were thoroughly mixed then preheated at 400 • C to dehydrate. The mixture was then melted in a Pt:Rh (90/10 wt%) crucible at 1200 • C for 2 h in air. The targets were formed by quenching the molten mixture at 450 • C followed by slow cooling to room temperature. The target mould and the subsequent target measured 75 ± 2 mm in diameter and 6 ± 1 mm in thickness. See Table 1 for target composition. MQ: P40 was similarly cast into 9 mm diameter rods and cut into 7 mm cylinders using a diamond saw.
RF magnetron sputtering
The coatings were deposited via a custom in-house designed Physical Vapour Deposition (PVD) rig using RF (13.56 MHz) magnetron sputtering, with a PBG target (denoted T1: P51.5). The chamber was pumped down to a vacuum using a combination of a rotary (Edwards E2M-18) and turbo molecular pump (Edwards EXT250) to a base pressure <7 × 10 −3 Pa. Phosphate glass deposition was performed at 60 ± 1 W power (13.6 kW m −2 ) for 1165 min to a coating thickness of 2.67 ± 0.09 m at a pressure of 10 ± 0.05 mTorr of 99.99% pure-shield argon. The distance between target and substrate was also held constant at 4 ± 0.5 cm. Prior to deposition, targets were sputter cleaned for 30 min at 30 W and increased to 60 W for a further 30 min. The target glass has been labelled (T1), melt quenched glass rods as (MQ) and coatings as (C). Nominal compositions have been denoted by (N) whilst as prepared compositions assessed via EDX compositional analysis have been denoted by (AP). See compositions in Table 1 .
Post deposition annealing
PBG coatings C2: P40HT30 and C3: P40HT120 were deposited as amorphous and subsequently heat treated in a Lenton tube furnace, with 99.99% pureshield argon to 500 • C at 10 • C min −1 . Coatings C2: P40HT30 and C3: P40HT120 were held for dwell times of 30 min and 120 min respectively. All samples were left to cool naturally to room temperature.
Thermo mechanical analysis
Thermal Expansion coefficient (TEC) was measured using Thermo Mechanical Analysis (TMA) via a TMA Q400. 50 mm long, 9 mm diameter MQ: P40 glass rods were heated up to 400 • C at a rate of 10 • C min −1 . The TEC measurements were obtained from a best-fit line between 50 and 300 • C. All expansion measurements represent the Standard Error Mean of n = 3 samples.
X-ray diffraction
Samples of the glass targets were ground to a fine powder for X-Ray diffraction (XRD) analysis (Bruker D8, Cu K␣ source: = 1.5418Å, 40 kV, 40 mA) conducted over a 2Â range from 15 • to 65 • with a step size of 0.04 • in 2Â, and a dwell time of 5 s. In addition glancing angle XRD was performed on the deposited coatings utilising a step size of 0.02 • in 2Â.
Energy dispersive X-ray spectroscopy
The compositions of the sputtering targets and sputtered coatings were determined via a Phillips XL30 SEM-EDX. Energy Dispersive X-Ray Spectroscopy (EDX) was conducted at a working distance of 10 mm at a minimum of 200,000 counts and a beam voltage of 15 kV. The electron beam current was optimised by increasing the spot size to obtain a minimum acquisition rate of 4000 counts s −1 whilst maintaining an acquisition dead time <30%.
Scanning electron microscopy
The coating cross sections and surface images were obtained via Scanning Electron Microscopy (SEM) using a Phillips XL30-ESEM. The working distance was kept constant at 10 mm, with a beam voltage of 15 kV. The precision of the EDX system was analysed over a repeated spot (n = 5), whilst coating homogeneity was assessed over (n = 12) random sample areas. Additionally, batch-to-batch variation (n = 4) was calculated and the estimated error is presented in Table 1 .
Fourier transform infrared spectroscopy attenuated total reflectance
A Bruker Tensor Fourier Transform Infrared Spectrometer (FTIR) with an Attenuated Total Reflectance (ATR) attachment was used for all Infrared absorption measurements. A spectral resolution of 4 cm −1 over the wavenumber range 500-4000 cm −1 was set. All spectra obtained represent the average of 64 scans over the sample area.
Focussed ion beam scanning electron microscope
The coatings on Ti6Al4V substrates were sectioned and polished via a Focussed Ion Beam (FIB) using a Zeiss NVision 40 with a gallium milling source. The working distance was kept constant at 5 mm using a beam voltage of 5.00 kV. All sections were cut at a tilt angle of 54 • . 2.10. X-ray photoelectron spectroscopy X-Ray Photoelectron Spectroscopy (XPS) was conducted using a VG Scientific EscaLab Mark II with an Al k␣ non-monocromatic X-Ray source incident to the sample surface at ≈30 • . Scans were collected at 20 mA and 12 kV emissions. The survey and high resolution spectra were scanned 3 and 5 times respectively, utilising step sizes of 1.0 and 0.2 eV for dwell times of 0.2 and 0.4 s respectively. Analysis and peak fitting was conducted using Casa XPS. All spectra were charged corrected for the C 1s emission to 284.8 eV. For compositional quantification, the area under the peak of the most intense photoelectron emission for each element was calculated and normalised to the overall area, utilising their Relative Sensitivity Factors acquired from the Scofield RSF library. For the high resolution spectra, relative peak positioning and peak areas due to spin orbit splitting were constrained based on the relationship of the electron subshell.
Atomic force microscopy
Atomic Force Microscopy (AFM) micrographs and roughness measurements were acquired in tapping mode via a Bruker Dimension Icon. AFM tips; model TAP525A 0.01-0.025 Ohm-cm Antinomy (n) doped Si were used. All measurements were acquired over a scan area of 20.0 × 20 .0m 2 . AFM analysis software Gwyddion was used for analysis.
Sample preparation for coating deposition
Substrates for coating were 1.5 mm thick, 10 mm diameter Ti6Al4V (grade 5) discs wire eroded from sheet. The discs were wet polished to a 6 m finish using silicon carbide paper from grades P200-P4000 and further polished on a 0.25 m chemomet finishing pad with the application of colloidal silica. The polished and sandblasted substrate roughness's were measured as 7 ± 1 nm and 696 ± 57 nm respectively (n = 9) via AFM. Samples were then ultrasonically cleaned for 10 min in acetone, followed by distilled water. 100 m thick borosilicate cover slides were also coated to measure the coating thicknesses achieved. Prior to coating, the slides were platinum coated for 90 s at 1.2 keV in a Polaron sputter coater to enhance the interfacial contrast between coating and glass for microscopy analysis.
Degradation of coatings and ion release
The PBG coatings were deposited onto both polished and sandblasted Ti6Al4V (Grade 5) substrates by RF magnetron sputtering.
For SEM analysis the coated discs were submerged in 15 mL of distilled water (dH 2 O) and incubated at 37 ± 2 • C. Isolated coated samples were observed at 16 h. The pH was measured pre and post degradation to ensure the solution did not become saturated. Samples could not be re-submerged following conductive coating for imaging due to contamination inhibiting degradation.
Mass loss per unit projected surface area was recorded for coatings on sandblasted substrates, as bulk coating lift off or delamination had been observed on polished C1: P40AD. Measurements were collected using a Mettler Toledo precision scale accurate to 0.01 mg. All samples were weighed prior to deposition and post deposition to determine the mass of the coatings. Samples were subsequently submerged in 15 mL of solution and incubated at 37 ± 2 • C (n = 3). At each time point the discs were removed, and placed in an oven at 50 • C for 1 h to remove surface moisture, prior to mass loss measurements. The solution was changed after 1 and 3 days.
To assess ion release, isolated samples (n = 3) for time points of 2, 16, 24 and 48 h were submerged in 15 ml of ultrapure Milli-Q water. Multi-element analysis of solutions was undertaken by ICP-MS (Thermo-Fisher Scientific iCAP-Q) utilising internal and external calibration standards, whilst samples were processed using the Qtegra TM software (Thermo-Fisher Scientific).
Scratch adhesion testing
Scratch Adhesion testing was conducted in accordance with the BS EN 1071-3:2005 standard, using a Bruker scratch tester and a Rockwell C Indenter. Progressive loads were applied over a distance of 3 mm with a pre load of 0.5 N followed by progressive loading to 30 N over a period of 180 s. All values represent the average of n = 8 scratches. The critical loads (L c ) were defined as the initial appearance of the failure mechanism along the scratch path or trackside.
Pull off adhesion testing
The pull off test was conducted in accordance with ASTM-D4541-09 using a precision adhesion testing apparatus (PAT Handy) manufactured by DFD instruments. Pull off stubs of 2.81 mm in diameter were used with a sample number of (n = 8). A thermally curing epoxy resin (DFD E1100S) was applied over the area of the stub and pressed onto the coating surface. The stub/substrates were placed on a heated plate at 140 • C for 60 min to cure. method, consistency of the coating process and batch reproducibility [30, 34] .
Results
Composition
XRD
Glancing angle XRD suggested an amorphous microstructure for C1: P40AD. Signal from the Ti substrate produced peaks associated with titanium ICDD PDF-00-001-1197. In addition a single diffraction peak emerged in C2: P40HT30 and C3: P40HT120 located at ≈33 • (2Â) (see Fig. 1 Insert for magnified slow scan). This peak was attributed to the reflection (104) of Hematite (Fe 2 O 3 ) (see Fig. 1 ). An amorphous diffraction hump remained present from 15 • to 38 • (2Â) following heat treatment. Structural and degradation properties of C1: P40AD and MQ: P40, have been previously published [30, 35] .
FTIR
IR absorption of the three coatings C1: P40AD, C2: P40HT30 and C3: P40HT120 contained peaks associated with vibrational modes located at ≈1280, 1200, 1100, 1055, 1012, 912, 769, 530 cm −1 . The position ranges and peak designations are detailed in Fig. 2 . C1: P40AD showed weaker relative absorption at 1280 and 530 cm −1 attributed to Q 2 (PO 2 ) groups and Q 0 (PO 4 3− ) respectively whilst C2: P40HT30 and C3: P40HT120 contained Q 2 (PO 2 ) shoulders at 1280 cm −1 . The band attributed to Q 0 (PO 4 3− ) increased with intensity following C2: P40HT30 and C3: P40HT120 and may have been attributed to Hematite. According to Minitti et al. Hematite bands are located at 315, 461 and 560 cm −1 , overlapping the PO 4 3− band at 500-565 cm −1 [36, 37] .
The notable decline in the relative intensities of the peaks at 900, 769, and 530 cm −1 for all degraded samples may indicate possible cleavage of the P-O-P bonding, a reduction in Q 0 species or proportional increase in Hematite (Fe 2 O 3 ) with respect to the amorphous phase (Fig. 2) .
XPS
XPS survey spectra of C1, C2 and C3 showed the surface elemental compositions within the first 5-10 nm of the coating layer (Fig. 3A , C, E) [38] . Following heat treatment at the annealing temperature of 500 • C for both 30 min and 120 min, the peaks previously present in C1: P40AD for P 2p and P 2s at 132-140 eV and 185-195 eV (Fig. 3A) respectively were absent from the spectra of C2: P40HT30 (Fig. 3C ) and C3: P40HT120 (Fig. 3E) showing a phosphorous deficiency in the surfaces of the heat treated coatings. Quantification of the composition in at% showed an increase in Fe content from 1.4% to 22.4% and 22.8% following HT30 and HT120 min ( Table 2 ). The at% and mol% have been presented in Table 2 .
The high resolution scan for Fe 2p for C1: P40AD could not be deconvoluted with a sufficient level of confidence based on low signal intensity and the presence of closely spaced binding energies attributed to the multiple chemical states (Fig. 3B, D and F [39] .
Fe 2p showed improved resolution following heat treatment, with no apparent difference between C2: P40HT30 and C3: P40HT120. The satellite regions here were observed between 715.0-724.0 and 730.0-737.0 eV. Fe 2p has a spin orbit split (Fe 2p 1/2), generating spectral peaks located between 721.0 and 737.0 eV ( Fig. 3D and F) [40, 41] . The defined asymmetric peak positions of 710.4 and 710.6 eV, the narrowing of the Fe 2p 3/2 and 1/2 peaks and the satellite peak locations of 7.9/7.8 and 8.7/8.0 eV from the main spectral peaks for C2: P40HT30/C3: P40HT120 respectively ( (Fig. 4A) .
The trends showed a reduction in failure loads of all wear mechanisms following annealing for 30 min (Fig. 5A) . The failure strengths appeared to recover following annealing for 120 min. A closer examination of the scratch results (C1: P40AD compared with C3: P40HT120) suggested that L c1 and L c2 occurred at higher loads, increasing from 1.0 to 2.5 N and 2.0 to 3.0 N respectively. The primary interfacial failure occurred by the mechanism of trackside delamination at 3.2, 1.5 and 3.0 N respectively for C1, C2, and C3. Notably; the increases in loading from initial scratch L c1 until the Interfacial delamination L c5 were 4.0, 1.3 and 2.0 N for C1, C2, and C3, whilst the failure loads of L c2 , L c3 and L c4 for coatings C2: P40HT30 and C3: P40H120 were closely spaced ranging from 0.1 and 0.3 N respectively (Fig. 5A) . Scratch testing was additionally applied to coatings on sandblasted substrates as shown for C3: P40HT120 (Fig. 4) . Observed failure mechanisms were limited to the initial scratch, buckle spallation and interfacial delamination. No coating fragmentation due to delamination along the trackside was observed (Fig. 4D) . Coatings exhibited improved interfacial properties following substrate roughening via sandblasting. However, variation of 11.3, 8.6 and 11.0 N for C1, C2 and C3 for interfacial failure loads were observed due to the heat treatment whilst application of a 2 way ANOVA showed no significant statistic variation P < 0.05. 
Table 2
Surface compositions determined by XPS of C1: P40AD, C2: P40HT30 and C3:P40HT120. Column (at%) and column (*at%) show the normalised compositions without the contribution of adventitious carbon and the absolute quantification including the carbon C 1s emission respectively. 
Pull off testing
The interfacial mechanical strengths of C1, C2, and C3 were assessed by tensile pull off testing. As a control, the epoxy was used to glue a stub to a Ti6Al4V substrate (Fig. 6C) . In all pull off cases (n = 8) during testing of the epoxy, failure occurred cohesively at an average load of ≈76. FIB-SEM cross sections (Fig. 6A-C) were milled through the coating/substrate interface to observe through thickness alterations of the coating features due to heat treatment. C1: P40AD (Fig. 6A, D) followed the topographical features of the substrate and demonstrated complete interfacial adherence. Partial coating void formation and delamination was observed for C2: P40HT30 (Fig. 6B,  E) . C3: P40HT120 showed consistent delamination of the coating along the interface on both polished and sandblasted substrates (Fig. 6C, F) .
Degradation and ion release
Coatings C1: P40AD, C2: P40HT30 and C3: P40HT120 were degraded in dH 2 O for up to 96 h (Fig. 7B) . Degradation profiles of C1: P40AD revealed an initial exponential profile in the first 
Table 3
Dissolution and ion release rates in distilled and ultra-pure water respectively. Dissolution rates were calculated between 2-24 h and 2-96 h whilst ion release rates were calculated between 2-24 h for C1: P40AD, C2: P40HT30 and C3: P40HT120. Ion release however was continued to the 48 h time point in Fig. 7 2 h of degradation followed by a linear profile from 2 to 24 h (Fig. 7A ). By the 2 h time point the comparative mass losses were (2.9, 0.7 and 0.3) × 10 −3 mg mm −2 for C1, C2, and C3 respectively, suggesting an increased stability in the first 2 h of degradation due to heat treatment (Fig. 7A) . From 2 to 24 h degradation rates were (2.1. 0.6 and 0.9) × 10 −4 mg mm −2 h −1 respectively (Fig. 7A) . C1: P40AD was fully resorbed by the 48 h time point. Continued degradation up to 96 h of C2: P40HT30 and C3: P40HT120, followed similar degradation profiles, degrading at rates of (0.7 and 0.8) × 10 −4 mg mm −2 h −1 (Fig. 7A ). Linear regression r 2 values ranged from 0.92 to 0.99 supporting a linear correlation. See Table 3 for comparative dissolution rates. Linear ion release profiles were observed for all coatings and ions of Na, P, Mg, Ca and Fe over the 48 h time period in ultra-pure water with the exception of C1: P40AD which was fully resorbed by the 48 h time point. Therefore ion release slopes were calculated from 2 to 24 h. r 2 values ranged from 0.85 to 0.89 with the exception of C3: P40HT120 which had an outlier at 16 h for Na release.
For the three coatings the ion release rates ranked P > Na > Mg > Ca > Fe whilst the observed exponential degradation profile for C1: P40AD was reflected by the initial surge of ions released by the 2 h time point (Fig. 7B) .
Ion release rates ranged from 0.08 to 0.05 ppm h −1 , 0.01-0.02 ppm h −1 and 0.01-0.02 ppm h −1 for C1, C2 and C3. Heat treatment led to a reduction in ion release rates by factors of (4.0, 3.6)-Na (4.1, 4.3)-Mg (3.7, 3.9)-P (3.0, 3.4)-Ca and (7.7, 5.4)-Fe for C2: P40HT30 and C3: P40HT120 respectively. See Table 3 for comparative ion release rates.
Surface topography
Electron micrographs of the coating surfaces pre and post heat treatments and pre and 16 h post degradation on both polished and sandblasted substrates have been presented in Fig. 8 .
In Fig. 8A , C1: P40AD showed no notable surface features. Following heat treatment of C2: P40HT30 the coating colour became blue/violet (Fig. 8B inset) . (Fig. 8B , C for C2: P40HT30 and C3: P40HT120 polished, showed surface features, consistent with expansion and contraction of the surface layer during heating. Additionally expansion craters were observed to be dispersed across the coating surfaces. An increase in surface roughness from C1: P40AD to C2: P40HT30 and C3: P40HT120 was supported by AFM measurements (Fig. 8M ) for which n = 4400 m 2 regions were chosen for analysis. Roughness Ra values increased from (8 to 27 to 44 nm) respectively for coatings on polished substrates. In contrast coatings deposited onto sandblasted substrates showed no remarkable surface changes or trends relating to Ra values of 519, 321, and 485 following heat treatment (Fig. 8G, H, I , M). Coatings on sandblasted substrates showed surface smoothing from the calculated substrate Ra value of 696 nm whilst no significant variation was observed from the polished substrate roughness of 7 nm. Notably, surface area analysis by AFM revealed that sandblasted substrates had an area of 18.5% greater than the projected 400 m 2 , leading to an 21.5% increase for C1: P40AD.
Randomly dispersed degradation pits were formed across all coatings following 16 h in dH 2 O on polished substrates and sandblasted C1: P40AD. The pits were visually observed by SEM analysis (Fig. 8D, E, F , J, K, L). Pits formed in C1: P40AD penetrated to the depth of the substrate as suggested in (Fig. 8D) . In contrast, degradation pits in C2: P40HT30 were interconnected and did not extend through the thickness of the coating by the 16 h immersion time point (Fig. 8E) . Coatings on sandblasted substrates showed dissolution pitting following 16 h immersion for C1: P40AD whilst C2: P40HT30 and C3: P40HT120 showed morphological changes associated with uniform dissolution and, smoothing of the surface whilst degradation of C3: P40HT120 revealed holes formed beneath the surface (Fig. 8J, K, L) . 
Discussion
Composition and structural analysis by EDX, XPS, FTIR, and XPS
A post annealing stage in glasses is conventionally conducted within the processing window, defined as the range from glass transition temperature to the onset of crystallisation. Such treatment should allow residual stresses formed during quenching to diffuse from the glass, therefore leading to improved mechanical properties due to molecular relaxation [42] .
PBG's are amorphous, covalently bound solids, composed of a polymeric like backbone of phosphate tetrahedral PO 4 . The inclusion of ionic species depolymerises the network and enhances durability via network cross linking [43, 44] . Previous research showed that compositionally equivalent sputtered coatings were structurally different to their melt quenched counterparts, showing increased polymerisation of the bulk material which was confirmed via 31 P NMR and XPS [31, 35] . This increase in polymerisation led to greater solubility of sputtered coatings [31, 35] . Therefore the aim of this study was to observe the effects of post deposition annealing (PDA) on the mechanical and solubility behaviour of PBG coatings.
The XRD results suggested that C1: P40AD was deposited amorphous. Following the heat treatments of C2: P40HT30 and C3: P40HT120 the formation and subsequent growth of Hematite crystals within an amorphous matrix was observed. A low intensity peak for Hematite was located around 33 • 2Â following C2: P40HT30 and C3: P40HT120. The broad hump associated with amorphous diffraction remained, suggesting the formation of a glass-ceramic structure. This was supported by IR absorption (Fig. 2) revealing peaks located between 500 and 565 cm −1 ; consistent with PO 4 3− within the phosphate structure and the possible presence of Hematite. Wang et al. reported vibration bands for a Hematite (␣-Fe 2 O 3 ) standard between 567 and 584 cm −1 . The increased IR peak intensity in C2: P40HT30 and C3: P40HT120 in comparison to the C1: P40AD supported the growth of Hematite crystals [37] . Fig. 9 depicts the diffusion mechanisms and oxidation interactions observed during heat treatment. The XPS surface analysis showed no peaks associated with phosphorus following C2: P40HT30 and C3: P40HT120 whilst the proportion of Fe increased from 1.4% to 22.4% and 22.8% (see Table 2 and Fig. 3A, C, E) . The volatility of phosphorous may have led to a surface deficiency [45] . Boyd et al. suggested that for Ca:P films which underwent post deposition annealing at 500 • C, the Ca:P was reported to increase, explained by volatile phosphorous evaporating from the surface at lower annealing temperatures [46] . From XPS, the broad spectral range of the Fe 2p peak in C1: P40AD suggested that Iron on the surface (0-10 nm) may have existed in multiple oxidation states, FeO, Fe 2 O 3 , Fe 3 O 4 and FeOOH which was the cause of broadening of the Fe 2p high resolution spectra (see Fig. 3B ) [41] . FeOOH, however was not supported as hydroxyl groups were absent from all IR spectra (see Fig. 2 ). Following C2: P40HT30 and C3: P40HT120, the defined peak shift towards the lower binding energies of 710.4 and 710.6 eV combined with the relative distances between the main spectral peaks and satellite peaks suggested the prominence of Fe 2 O 3 (see Fig. 3D, F) [39, 41] .
The complementary techniques of FTIR, XPS, and XRD confirmed Iron oxidation on the surface and the crystallisation of Fe 2 O 3 as Hematite. SEM imaging at 64,000 times magnification showed crystallite growths (Fig. 8N) . As depicted in Fig. 9 , diffusion of cations into the bulk glass during annealing may have promoted the migration of Fe 2+and3+ ions into the vacancy sites [47] . Minitti [49] . This migration of oxygen to the surface could have caused the observed craters formed post heat treatment (Fig. 8B and  C) .
Colour changes of the samples to bluish/violet in Fig. 8 inserts following heat treatment may have been due to a redox reaction between the Ti6Al4V substrate and oxygen within the glass [50, 51] . This interference effect as the oxide layer grew was also observed by Kumar et al. for Ti6Al4V surfaces heat treated at 500 • C [52] .
Adhesion and mechanical properties
Magnetron sputtering enabled film deposition into the topography of the substrate, leading to enhanced adhesion [53, 54] . Such adherence has been observed via FIB-SEM interfacial observation of deposited phosphate glasses on Ti6Al4V substrates [35] . Coating thickness variation from C1: P40AD was recognised from light interference fringe patterns as visible light reflected off the substrate and through the sample (Fig. 8A) . Analysis of coating thickness by SEM cross section indicated a standard error of 90 nm for (n = 5) locations across a sample. Ideally, to minimise variation, the sample should be rotated uniformly with respect to the plasma. The capabilities of the specific rig design used for this deposition did not allow for sample rotation.
The scratch test and pull off adhesion tests describe the failure mechanisms of a coating under multi-axial and tensile loads respectively [55] . The scratch test is considered the more versatile method of determining mechanical adherence of the coating as it provides multiple failure modes. Failure characteristics are more representative of practical orthopaedic applications as coating fail-ures may more often be caused by shear, rather than pure tension. The limitation of the pull off method is the tensile strength of the epoxy, however it remains the standardised quantitative assessment of coating/substrate mechanical strength. ISO-0-137792 Part 2 "Coatings of Hydroxyapatite" states that the minimum interfacial tensile strength should be no less than 15.0 MPa. Callahan et al. stated in the 1994 FDA draft guidance for Ca/P coatings on medical implants that the minimum interfacial strength approved for FDA commercially approved coatings was 50.8 MPa (Fig. 6A) [56, 57] .
Interfacial integrity of coatings on polished substrates following heat treatment, in the case of C2: P40HT30 and C3: P40HT120 appeared to be compromised by coating/substrate delamination; as observed in FIB-SEM cross sections (see Fig. 6B and C) . Scratch tests showed variation in L c5 (interfacial delamination) from 5.0 to 2.3 to 4.4 N for C1, C2 and C3 respectively. The failure modes for L c1 -L c5 ranged over a 4.0 N for C1: P40AD, and were, in contrast, closely spaced ranging over 1.3 and 2.0 N for C2: P40HT30 and C3: P40HT120 demonstrating a decrease in ductility due to catastrophic coating failure at the point of initial indentation L c1. C3: P40HT120, showed increased L c1 (initial scratch) to 2.0 N and L c5 to 4.4 N. All coatings exhibited brittle failure mechanisms however heat treatment seemingly led to increased brittleness and hardness with prolonged dwell time of 120 min.
Coatings on sandblasted substrates showed no signs of catastrophic failure, specifically the absence of spallation due to trackside delamination. The interfacial properties were improved as delamination occurred at 8.6-11.3 N for C1, C2 and C3 respectively (B). Toque et al. applied up to 2.5 N loads on 1.3-2.0 m Ca/P sputtered films deposited onto 316 L stainless steel and their results showed interfacial delamination at 800-900 mN. Post deposition annealing similarly led to a reduction in interfacial failure loads as shown here for polished substrates, in the range of 450-550 mN [54] . Additionally Cheng et al. compared pull off and scratch tests of sol gel HA coatings on Ti6Al4V and reported scratch delamination of up to 487 mN and pull off strengths of up to 22 MPa [58] .
The measurable interfacial failure strength at the coating substrate interface is considerably lower than the anticipated tensile properties of the glass itself to fail cohesively in tension. Coziencazuc et al. tested the tensile properties of MQ: P40 formed as glass fibres, both as prepared and up to 3 d degradation in distilled water and reported tensile strengths of 480 ± 150, decreasing to 370 ± 60 MPa. Following annealing at 444 • C (5 • C below the T g ) a reduction in tensile strength to 290 ± 50 MPa was observed and an increase in strength following 3 d degradation to 460 ± 140 MPa [59] . For coatings on polished substrates a similar reduction in failure properties due to coating embrittlement was also observed following annealing. Sglavo et al. also showed ranging tensile properties of PBG optical fibres of between 200 and 400 MPa [60] .
All coatings prepared and tested here showed sufficient minimum adhesive properties according to ISO and FDA regulations on pull off testing (Fig. 6) ; the actual failure loads however were unattainable due to limitations of the epoxy glue used. Ong et al. tested ion beam sputtered Ca:P films comparing the pull off strength of deposited amorphous, water quenched and furnace cooled coatings and reported pull of strengths of 38.0 ± 8.2 MPa, 17.0 ± 6.5 MPa and 9.0 ± 9.0 MPa respectively with failure either occurring at the coating interface or cohesively [61] . 45S5 Bioglass has been plasma sprayed with little success as failure was shown to occur from thermally induced residual stresses at the Ti coating interface with adhesion strength of approximately 8.56 ± 0.57 MPa [25] . The use of a bonding coat (60 wt% Al 2 O 3 40 wt% TiO 2 ) to accommodate the thermal expansion coefficient (TEC) mismatch of Bioglass and the substrate, improved bonding strength to 27.17 ± 2.24 MPa with failure otherwise occurring by coating delamination [25] . [28, 62] .
Stan et al. reported pull off interfacial strengths of as deposited silicate glass coatings of 29.2 ± 7.0 MPa and attributed less than optimal adhesion to the TEC mismatch between deposited coatings and substrates during deposition [63] . Improvements in adhesion by reducing the TEC of the coating through compositional changes led to production of a glass coating with TEC of 10 × 10 −6 K −1 , applied to titanium substrates with TEC of 9.2-9.6 × 10 −6 K −1 [64] . The adhesion strength for this glass was measured as >75 MPa (limited by the epoxy) [65] . Whilst bonding was dramatically improved by tailoring TEC by altering composition, this restricted the flexibility of coating compositions that could be applied. Further publications demonstrated improved pull off to >85.0 MPa (again limited by the strength of the epoxy) following an annealing process during which Stan et al. suggested that heat treatment caused a noticeable diffusion of titanium into the glass at the interface, forming chemical bonding leading to improved adhesion [29] . Additionally exploration of graded buffer layers proved to be effective methods for adhesive strengthening [29, 63, 66, 67] .
TEC could not be assessed in thin films; therefore the MQ5: P40 Fe4 was cast as rods for comparison and measured as 13.6 ± 0.2 × 10 −6 K −1 . These values however are not directly comparable as it was previously shown that structures and thermal properties varied in coatings and melt quenched glasses. Elmer et al. cited TEC in TI6Al4V between 8.5 and 10.0 × 10 −6 K −1 [68] . The higher TEC of PBG with respect to the Ti6Al4V substrate may have caused the observed ripples in the coating shown in SEM micrographs (Fig. 8B, C) and the interfacial delamination shown in FIB-SEM sections (Fig. 6B, C , E, F) following C2: P40HT30 and C3: P40HT120.
Degradation and ion release
Degradation of PBG occurs by hydration during which H + ions interchange with cations to form P-OH − and subsequent disentanglement of the polymer like chains by hydrolysis [69, 70] . The as deposited PBG coating; C1: P40AD, was found to be highly soluble in the first 2 h, degrading exponentially, prior to stabilising to a linear regime thereafter [35] as observed in Fig. 7A . However the thermal annealing processes led to a reduction in initial solubility as the comparative mass losses were 2.9, 0.7 and 0.3 × 10 −3 mg mm −2 at the 2 h time point for C1, C2 and C3 respectively. This effect may have been due to reoxidation of Iron as Fe 3+ to form hydration resistant Fe-O-P bonds and the reduction of soluble P-O-P bonds following heat treatment at the surface of the material as shown by XPS (Fig. 3B, C) [18, 35, 47] .
The formation of Hematite crystals and Iron oxidation led to improved bulk durability over the 96 h time period. From 2 h to 96 h the linear degradation rates for C2: P40HT30/C3: P40HT120 and C1: P40AD were 0.68 ± 0.02, 0.84 ± 0.01 and 2.05 ± 0.35 × 10 −4 mg mm −2 h −1 respectively, showing an increase in coating durability by a factor of 2.44-3.01 ± 0.35. There were, however, no significant variations in the quantitative degradation properties between the different lengths of heat treatment, C2: P40HT30 and C3: P40HT120. Surface micrographs of C1: P40AD showed randomly distributed narrow corrosion pits 16 h post degradation. Following C1: P40HT30, corrosion pits appeared to widen and following C3: P40HT120 visible pitting associated with degradation was fairly uniform, indicating that prolonged heat treatment led to a more diffused, homogenous bulk structure. Chouka et al. and Cozien-Cazuc et al. both showed pitting corrosion of Ca:P and PBG fibres following degradation in Tris-Buffered HCl and distilled water respectively, whilst also reporting improved durability of annealed fibres. Chouka et al. also suggested that durability was proportional to annealing temperature [71, 72] .
The effects of ion release for Ca, P, Mg, and Fe on therapeutic potential have been reported [73] [74] [75] [76] [77] . For Ca 2+ 2-8 mM (80-320 PPM) was deemed sufficient to facilitate osteoblast proliferation, whilst 6-8 mM (240-320 PPM) was reported as optimal, causing cytotoxicity above 10 mM (400 PPM) [73] . Phosphate ion concentrations from 2-10 mM (62-310 PPM) were found to stimulate gene expression for osteoblast differentiation [74] . He et al. reported that Mg 2+ from 1 to 3 mM (24-73 PPM) improved osteoblast cell viability, alkaline phosphatase and osteocalcin expression [75] . A toxic limit for Fe was reported as 0.4 mM (22 PPM) [76] . Sondi et al. demonstrated the antimicrobial effectiveness of Ag nano particles on E. coli, using 10-60 g cm −3 (0.01-0.06 PPM), showing 70-100% growth inhibition [77] . In comparison Figure 7 showed that cumulative ion release by 48 h in 15 ml of ultra-pure water ranged in C1: P40AD, C2: P40HT30 and C3: P40HT120, from (1-3), (5-13), (1-3), (1-2) and (1-2) PPM for Na, P, Mg, Ca and Fe respectively. However for accurate comparison of ion release effects, consideration of liquid volumes should be carefully considered along with the media used for testing. For example, dissolution volumes vary from l to ml during in vitro studies of MG63 Osteoblast cells, often with working volumes of 0.2-0.3 ml, therefore ion concentrations could be up to 75× higher as compared to the 15 ml used here, providing sufficient ionic concentrations for therapeutic efficacy.
Production of PBG thin films has been shown to be a promising method for delivering a controlled release of ions at a dissolution site, whilst the ability to further control such properties through heat treatment has been confirmed.
These findings represent a step forward in understanding the mechanical and degradation properties of fully resorbable PBG coatings, intended for application on orthopaedic implants to facilitate osseointegration. The ability to incorporate a range of therapeutic ions using the magnetron sputtering process could lead to a stratified approach to promoting orthopaedic implant integration.
Conclusions
RF magnetron sputtered PBG coatings were deposited amorphous onto both polished and sandblasted Ti6Al4V substrates. Coatings were subsequently heat treated for dwell times of 30 and 120 min at 500 • C. Similar structural changes were observed for P40HT30 and P40HT120, associated with the formation of Fe 2 O 3 Hematite crystals whilst XPS showed the reduction of phosphorous from (21.6-1.3) at%, coupled with an increase in Iron from (1.4-22.8) at% within the surface layers.
Pull off adhesion tests were limited by the strength of the epoxy, therefore all coatings showed average strengths in excess of 73.6 MPa, exceeding the international ISO standard and FDA requirements. Scratch adhesion tests revealed brittle failure modes for coatings on polished substrates. Although heat treatment improved the overall adhesion values, coatings failed catastrophically at the location of initial indentation, suggesting that heat treatment led to increased hardness at the expense of coating embrittlement. In contrast coatings applied to sandblasted substrates were mechanically durable, showing no trackside delamination or tensile cracking whilst loads associated with interfacial delamination were increased to between 8.6 and 11.3 N however variation due to heat treatment was not statistically significant.
Coatings on sandblasted substrates were degraded in dH 2 O for up to 96 h and assessed for ion release in ultrapure water up to 48 h. C1: P40AD was fully resorbed beyond 24 h, heat treated coatings remained beyond the 96 h time point. Heat treatment improved the durability of coatings by stabilising the initial t 1/2 solubility profile in the first 2 h of submersion and ultimately reduced linear degradation rates by 2.4-3.0 ± 0.35 for C2: P40HT30 and C3: P40HT120 respectively. Heat treatment led to a reduction in ion release rates by maximum factors of 3.9, 4.0, 4.3, 3.4 and 7.7 for P, Na, Mg, Ca and Fe respectively. Release rates ranged from 0.08 to 0.05 ppm h −1 , 0.01-0.02 ppm h −1 and 0.01-0.02 ppm h −1 for the C1: P40AD, C2: P40HT30 and C3: P40HT120 coatings respectively.
